The thermodynamics and the decomposition behavior of an MgH 2 fiber of a single crystal synthesized by chemical vapor deposition were investigated using in-situ atomic force microscopy and transmission electron microscopy. The MgH 2 fiber without oxidation decomposed into polycrystalline Mg with a crystalline size of 20-50 nm. The polycrystalline Mg absorbed hydrogen at a pressure similar to the equilibrium pressure of bulk Mg. On the other hand, the MgH 2 fiber with surface oxidation decomposed into Mg crystals larger than 100 nm. The surface oxide layer affected the decomposition behavior of the MgH 2 fiber and prevented polycrystallization. These results suggest that surface oxidation increases the equilibrium pressure for hydrogen absorption of the MgH 2 fiber.
Introduction
Magnesium hydride (MgH 2 ) has attracted significant attention as a hydrogen storage material because its hydrogen capacity of 7.6 mass% stands out from those of known metal hydrides. However, the formation rate of MgH 2 is too slow for practical applications. 1) Mg is almost unable to complete hydrogen absorption, and thus MgH 2 grains generally contain an unreacted Mg core. 2) In order to improve its hydrogen absorption kinetics, previous studies have applied additives and performed nanostructure fabrication. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Although these material design techniques have enabled certain improvements, hydrogen capacity inevitably decreases because of the added substances and the increase of the oxidized surface area. 12) Instead of employing material design techniques, we have applied a process engineering technique to avoid the dominant rate-limiting steps of MgH 2 formation: 13) hydrogen penetration into solid surfaces 14) and hydrogen diffusion in the solid phase. 15) In order to eliminate these problems, we developed a direct reaction process based on chemical vapor deposition (CVD). 16) Using the CVD method, MgH 2 is successfully produced from Mg vapor and H 2 16) because H 2 can make direct contact with Mg without passing through any of the solid phases. The MgH 2 synthesized by CVD consists of irregularly curving fiber and straight fiber of a single crystal with a diameter of several hundreds of nanometers and a length of several micrometers. [16] [17] [18] Such single crystal fiber of MgH 2 has also been obtained incidentally by a vaporliquid-solid (VLS) or vapor-solid (VS) process during hydrogen absorption and desorption cycles of Mg 19, 20) or Mg-based alloys, 21) but the hydrogen storage properties of those fibers have not been measured because of the difficulty of separating the fiber from the base materials. Since the CVD method produces MgH 2 fiber separately from the Mg, it makes it possible to investigate the hydrogen storage properties of the MgH 2 fiber. 17, 18, 22) The MgH 2 fiber reversibly desorbed and absorbed hydrogen with a higher reaction rate than conventional bulk Mg did. 17, 18, 22) The pressure-composition (PC) isotherm of the MgH 2 fiber showed a hydrogen absorption pressure (P eq,fiber ) of 1.3 MPa at 578 K. 17, 18, 22) This pressure was higher than both the CVD condition to produce MgH 2 (P CVD ) and the absorption pressure for bulk Mg (P eq,bulk ) at the same temperature, which were 0.4 MPa 23) and 0.2 MPa, 24) respectively. While the difference between P CVD and P eq,bulk can be regarded as a deviation of the CVD process from the equilibrium state, the difference between P eq,fiber and P eq,bulk , both measured at the equilibrium state, has a different explanation.
Since the MgH 2 fibers in previous studies were exposed to air before analysis, 17, 18, 22) it is possible that surface oxidation affected the hydrogen storage properties. In order to discuss the high hydrogen absorption pressure of the MgH 2 fiber, knowledge of the inherent hydrogen storage property without surface oxidation is essential. Therefore, we prepared MgH 2 fiber in a way that prevented air exposure by treating it in a globe box and measuring its PC isotherm. We observed the decomposition behavior of the MgH 2 fiber using in-situ atomic force microscopy (AFM). An MgH 2 fiber exposed to air was also observed to compare the MgH 2 fibers with and without surface oxidation. Unlike an electron microscope, which requires a vacuum atmosphere, AFM can work under a gas atmosphere 25, 26) and is therefore appropriate for observing a gas-producing reaction, such as metal hydride decomposition. The MgH 2 fibers after decomposition were observed using transmission electron microscopy (TEM). While AFM provides a surface profile, TEM provides projection through a sample and yields interior information. Based on the surface morphology change observed by in-situ AFM and the inside structure observed by TEM, the decomposition behavior of the MgH 2 fiber and the effect of surface oxidation are discussed.
Experimental
MgH 2 fibers of a single crystal were prepared by CVD, as reported in a previous work. 23) Commercially available magnesium (99.9% purity) was heated to 900 K to vaporize under a hydrogen atmosphere (99.99999%) at a pressure of 5 MPa. The MgH 2 fibers produced were collected from the CVD reactor in a globe box filled with dry Ar at a dew point lower than 190 K. Two samples were prepared: MgH 2 fiber handled without air exposure (unexposed fiber) and with air exposure (exposed fiber). The exposed fiber was prepared by placing the synthesized fiber in air for 24 h before analysis.
The PC isotherm of the unexposed fiber was measured by Sieverts' method. A 26 mg sample was put in a stainless steel container in a globe box. The container was connected to the Sieverts' apparatus without exposing the sample to air. The unexposed fiber was kept in a vacuum for 1 day at 580 K as a decomposition treatment, then the absorption isotherm was measured at 580 K. Prior to this, a blank measurement was performed using an empty container to estimate a margin of error, which corresponded to within 0.5 mass% for 26 mg of MgH 2 .
A scanning probe microscope (JSPM-4210, JEOL) was used for AFM observation. Details of the apparatus were reported elsewhere. 25, 26) The apparatus was built in a pressure-resistant chamber with a sample-exchange room. Unexposed fiber was transported without air exposure using the sample-exchange room and an airtight container. The samples were dispersed on a sapphire plate and scanned in contact mode using a cantilever of silicon nitride (OMCL-TR400PB, Olympus). The samples were observed at room temperature then heated to a temperature of 580 K, at which MgH 2 decomposition occurs. The heating took 30 min, and re-adjusting the scanning system at this temperature took 1-2 h. After the re-adjustment, the observation at 580 K was started. The atmosphere had been evacuated and was held below 10 À1 Pa throughout the observation. Both the exposed fiber and the unexposed fiber after decomposition were observed using TEM (JEM-2100F, JEOL). The samples were kept in a vacuum at 580 K for 1 day as a decomposition treatment, taken out in air, then transported to the TEM within 10 min. The composition of the sample was analyzed using an energy-dispersive X-ray spectroscope (EDS) attached to the TEM apparatus. Figure 1 shows the PC isotherm of the unexposed fiber at 580 K. The plateau was observed at about 0.2 MPa, which is close to the equilibrium pressure of conventional bulk Mg (0.2 MPa at 580 K). 24) This result indicates that the size or the shape of the fiber does not affect the equilibrium pressure. The inherent thermodynamics of the MgH 2 fiber prepared by CVD are similar to those of conventional bulk Mg. The higher equilibrium pressure reported previously (the broken line in Fig. 1 ) can be attributed to causes other than the size or shape of the material.
Results and Discussion
AFM images of the unexposed fiber before and after decomposition are shown in Fig. 2 . Before decomposition, the fiber exhibited a smooth and continuous surface ( Fig. 2(a) ,(b)). At 580 K, the surface appeared to be rough and split into grains of 20-50 nm (Fig. 2(c),(d) ). The change occurred within a few hours. Further significant change was not observed, even after heat treatment at 580 K for 20 h. Figure 2 (e),(f) provide surface profiles of the fiber before and after decomposition. Before decomposition, the surface was flat along the length direction ( Fig. 2(f) ). After decomposition, the surface profile was raised and fluctuated along the surface of the grains. From the outline, the volume of the fiber seemed to expand by approximately 30% compared to the state before decomposition. The decomposition reaction from MgH 2 to Mg should be accompanied by a volume contraction of 23%. The thermal expansion is estimated to be less than 1% at 580 K, 27) so this does not correspond to the observed volume expansion. The increase of the apparent volume can be attributed to void spaces generated while the single-crystal fiber was split into grains. The porosity of the fiber after decomposition can be estimated at 40%. This means that a grain interface developed not only on the surface but also inside the fiber. In other words, nucleation and growth of Mg grains occurred throughout the fiber. Figure 3 shows TEM images of the unexposed fiber after decomposition. The fibrous shape remained, as shown in Fig. 3(a) . The high magnification image ( Fig. 3(b) ) shows moiré fringes with various directions and spacings. Continuous regions of fringes are indicated by white dotted lines. The size of the continuous region is 20-30 nm, which is similar to the grain size observed through in-situ AFM. The fringes are therefore considered as rotation moiré patterns created by overlaying the grains. Assuming that the grains are Mg, the rotation angle is derived as 1-4 . The selected area electron diffraction pattern (SAEDP) was obtained from the area within a 100 nm radius ( Fig. 3(c) ). Although the area contained a number of grains showing moiré fringes, the SAEDP looks like a single crystal of Mg. This is probably Hydrogen pressure, p /MPa Air-exposed MgH 2 (absorption) 17, 18) Bulk Mg 24) 9 6 3 because most of the grains are highly oriented. The number of grains with a larger rotation angle was so small that the diffraction spots from those grains were not apparent in the SAEDP. Highly oriented grains suggest that the decompo-sition proceeds in accordance with an orientation relationship between Mg and MgH 2 . 19,28-30) On the surface of the fiber, a thin layer was observed as lines in dark contrast (indicated by white arrows in Fig. 3(b) ). The lines are curved along with the grain surface. Note that some lines appeared inside of the fiber edge because the fiber outline fluctuated. The thickness of the layer was less than 10 nm, though some variation was observed from one fiber to another. EDS analysis shows that the surface layer and the other area, indicated as X and Y, respectively, in Fig. 3(b) , consisted of 64%-Mg and 36%-O and 97%-Mg and 3%-O, respectively, in molar fraction. The surface layer was expected to be formed with oxygen or moisture in air during transportation to the TEM. AFM images of the exposed fiber are shown in Fig. 4 . The fibers before decomposition exhibited a smooth and continuous surface ( Fig. 4(a) ). The surface remained smooth and continuous even after being heated at 580 K for 20 h (Fig. 4(b) ). The surface profiles in Fig. 4(c),(d) show that the outline of the fiber after decomposition is similar to that before decomposition, but contracted. The volume contracted by 30%, which agrees with the lattice volume contraction from MgH 2 to Mg. This result suggests that the observed volume of the fiber corresponded with the real volume. In other words, the fiber was dense and did not contain void spaces even after decomposition. The observed decomposition behavior of the exposed fiber was completely different from that of the unexposed fiber. The decomposition behavior of the MgH 2 fiber depends on whether or not air exposure has occurred.
From TEM observation of the exposed fiber after decomposition, it was found that the exposed fiber remained in the original fibrous shape. The shape of the fiber was clearly outlined by a surface layer forming a tubular shape. The thickness of the surface layer varied from ten to several tens of nanometers between fibers. Despite the variations in thickness, the exposed fiber consistently had a thicker layer than the unexposed fiber had. The SAEDP taken on the surface layer that was thicker than 10 nm showed diffraction spots of MgO (this pattern is not shown). This result suggests that the air exposure causes the formation of the surface oxide.
In the TEM image, some fibers appeared in black contrast or in white contrast, and some showed black-and-white contrast in their body. Figure 5 (a) presents a typical image of the fiber in black-and-white contrast. The part in bright contrast inside the tube of the oxide layer was empty. The volume of the hollow part should correspond to the volume contraction from MgH 2 to Mg. However, the hollow part in Fig. 5(a) was as large as 40% of the total volume of the fiber, and it was a little too large to be explained only by volume contraction. Some fibers had more hollow volume where some of the contents had probably dropped out of the fiber. The black part did not exhibit moiré fringes. Figure 5(b) is the SAEDP obtained from the area including a black-contrast part, as indicated by a circle in Fig. 5(a) . The spots were identified as a pattern of Mg taken from near the [010] direction. The dark part consisted of a single crystal of Mg. Some fibers had no hollow part, consisting of a single crystal of Mg and a surface oxide layer. The crystal size was larger than 100 nm. The MgH 2 fiber with a surface oxide layer decomposed into Mg crystals without polycrystallization. The lateral side of the Mg grain attached to the surface oxide layer without spaces. This suggests that the surface layer is clamped to the MgH 2 /Mg, and thus it contracted with the interior materials.
Assuming that the decomposition proceeds through nucleation and growth mechanisms, the results indicate that nucleation of Mg in the MgH 2 fiber with a surface oxide layer occurs less frequently than in the fiber without oxidation. Kato et al. reported that a closed surface oxide layer on AlH 3 prevents dehydrogenation because it prevents recombination of hydrogen at the AlH 3 surface. 31) Similar to the effect observed in AlH 3 , the low frequency of the Mg nucleation in the oxidized fiber is possibly due to the oxide layer preventing formation of Mg nuclei on the surface of the MgH 2 . In a scanning electron microscopy (SEM) image from a previous study, the air-exposed fiber appeared in uniformly white contrast 17) or in black-and-white contrast like zebra stripes. 22) The white fiber and the white part of the fiber are considered to be Mg crystals in an oxide tube, as observed in this study. The similarity in appearance of the samples implies that the MgH 2 fiber in the previous study had a surface oxide layer that was formed during air exposure, as confirmed in this study. The reported hydrogen storage properties, including the high equilibrium pressure, were probably affected by the surface oxide layer. Regarding the effect of the surface layer, Baldi et al. reported that Mg thin film capped with a layer of Mg alloy-forming elements increased equilibrium pressures for hydrogen absorption. 32, 33) The hydrogen absorption pressure of Mg film depends on the film thickness in the investigated range of 10-40 nm. 32) These phenomena were interpreted as effects of the elastic clamping of the surface layer, which inhibits volume expansion of the Mg layer during hydrogen absorption. 33) The elastic constraints theory may be applicable to an MgH 2 fiber with a diameter of hundreds of nanometers. For this theory to be applicable, the surface oxide layer must adhere firmly to the body of the MgH 2 fiber. The AFM and TEM images analyzed in the present study revealed that the surface oxide layer clamped to the inside of the MgH 2 fiber so firmly that it contracted with the interior MgH 2 /Mg. Therefore, the equilibrium pressure is expected to increase through the elastic constraint by analogy with Mg film with a cap layer.
Conclusions
The decomposition behavior of MgH 2 fibers with and without surface oxidation was investigated using in-situ AFM and TEM. Observations of the surface morphology change and the inside structure change provided fundamental information for determining the decomposition behavior of the MgH 2 fibers. The fiber without oxidation decomposed into polycrystalline Mg with grain sizes of 20-50 nm. The decomposed fiber absorbed hydrogen at an equilibrium pressure similar to that of conventional bulk Mg. The decomposition behavior and the hydrogen absorption thermodynamics corresponded to the inherent properties of Mg/ MgH 2 . On the other hand, the MgH 2 fiber with surface oxidation decomposed into Mg crystals larger than 100 nm. The surface oxide layer affected the decomposition behavior and prevented polycrystallization. The interface between Mg crystals and the surface layer was intact even after decomposition. The clamping effect of the surface layer on the Mg crystals is likely to increase the equilibrium pressure through elastic constraint.
